Abstract-The thermal environment surrounding preterm neonates in closed incubators is regulated via air temperature control mode. At present, these control modes do not take account of all the thermal parameters involved in a pattern of incubator such as the thermal parameters of preterm neonates (birth weight < 1000 grams). The objective of this work is to design and validate a generalized predictive control (GPC) that takes into account the closed incubator model as well as the newborn premature model. Then, we implemented this control law on a DRAGER neonatal incubator with and without newborn using microcontroller card. Methods: The design of the predictive control law is based on a prediction model. The developed model allows us to take into account all the thermal exchanges (radioactive, conductive, convective and evaporative) and the various interactions between the environment of the incubator and the premature newborn. Results: The predictive control law and the simulation model developed in Matlab/Simulink environment make it possible to evaluate the quality of the mode of control of the air temperature to which newborn must be raised. The results of the simulation and implementation of the air temperature inside the incubator (with newborn and without newborn) prove the feasibility and effectiveness of the proposed GPC controller compared with a proportional-integral-derivative controller (PID controller).
INTRODUCTION
For many years, incubators have been used to create a comfortable and healthful hygrothermal environment for neonates. Within this context, a neonatal incubator contributes to better newborns [1] . The newborn premature needs favourable conditions to ensure minimum energy expenditure as well as a safe temperature range; therefore the neonatal incubator is considered to be one device which will ensure a thermoneutral environment [2] , [3] . In closed type incubators, the internal temperature can be completely controlled. This property decreases the neonate temperature variance due to large differences between the air and the skin temperature.
Most authors have limited their research to a mathematical model [3] - [5] useful for a computer simulation of the neonateincubator system with classical controller (ON-OFF or PID); [6] developed a simulator of neonatal energy transfer to provide a convenient and precise comparison of sensible heat loss in the incubator. [7] describes the fundamental equations involved in the thermal exchange between infants and their environment. [8] has developed a theoretical model of infant incubator dynamic for the analysis of the factors that influence neonatal thermoregulation.
Reference [9] has developed a comprehensive mathematical model of the closed-loop newborn incubation system in a manner that takes into account all the exchange relations. This model is exploited to perform simulations by Matlab/Simulink. The PID controller is used to control the simulation model for each mode; air servo controlled and skin servo controlled.
Other authors have used the mathematical model of the infant-incubator with a more advanced controller (fuzzy logic or predictive) but without taking into account all of the interactions between a premature infant and an incubator. [10] has developed a fuzzy logic control which integrates two inputs (incubator air temperature and infant's skin temperature) to control the heating. The controller is tested on a mathematical simulation model of the neonatal incubator.
Reference [11] presents a theoretical modelling on the thermal behaviour of the premature infant (only the thermal exchanges of the incubator on the infant are considered). Air temperature and humidity, which play a prominent role in convective and evaporative exchanges, are calculated by a coupled transfer function. Additionally, a decoupling of the generalized predictive controller (DGPC) was proposed in order to obtain optimal thermal conditions for immature newborns.
The primary objective of this study is to develop a mathematical model used for a computer simulation that can predict the future temperature calculated continuously and design an appropriate controller to reduce heat loss by evaporation.
For this reason, two models have been developed and described. The first model is a physical model that takes into account all the interactions between the premature infant and the incubator. This model is based on physical and biological equations developed by the work of [8] , [9] , but modified according to the characteristics of the incubator used in the experiment (Drager 8000C). The main modification is to estimate a new mathematical model of the heating system using system identification method. Therefore the complete infant incubator system is subdivided into six homogeneous compartments: infant's core, infant's skin, incubator's heater, The climatic parameters of the neonatal incubator are temperature and humidity, but in this work, we limit ourselves only to the temperature in order to simplify the process. Therefore the incubator process becomes a SISO system (single input, single output). The input is the control signal applied to the heater and the output is air temperature inside the incubator. Its transfer function was identified using recursive identification methods. The validation of the model is performed with the comparison of the results to a series of clinical tests described in the medical literature [12] .
Closed incubators that are used in intensive care are usually equipped with a conventional regulation (ON-OFF or PID) [13] , [14] . These types of controllers still have little robust capability compared to adaptive controllers. The infantincubator process encounters multiple challenges in the operating environment of the system, such as changing the physical model of the incubator as a result of interactions between the premature infant and its environment and also external disturbances [15] , [16] due to the opening of the access door during a medical intervention. In addition, the disadvantage of the PID controller is finding the right parameters, compensating for the system's delay as well as making a stability study. Indeed, an essential question remains: is it possible to ensure an appropriate environment for prematurely born infants using an advanced control strategy, and maintain precisely the output temperature set by the doctor without significant variation over time, regardless of the disturbance? Therefore, the objective of this study is to answer this question, using predictive control, so it is necessary to have a precise model for the system. The modelling consists in developing a set of equations in order to describe a phenomenon in a reproducible and stimulable way. The nonlinearities that exist in the system and which are represented as parametric uncertainty can be solved using adaptive control. Therefore, we designed and realized a control system based on a microcontroller (Arduino board).
The rest of the paper is organized as: first, the thermodynamic mathematical model of premature infants placed in an infant incubator will be developed; the aim of the proposed model is to develop and study the heat exchange relationships between the infant, its environment and the different compartments of the neonatal incubator. Secondly, applied feedback control systems using GPC control is described in order to control the infant's air temperature. The control of heating element is applied under the constraints of the air temperature and the power of the actuator. In addition, skin temperature and core temperature are monitored because the simulation of the model with MATLAB-Simulink allows us to see these parameters. Finally, an explanation of the incubator process containing the temperature control circuit is used to obtain a simulation and implementation results, and a comparative study between PID and GPC control was carried out in order to show the performance of each strategy.
II. METHODOLOGY OF MODEL DEVELOPMENT
In nursing care, the major concern in newborns after birth is to provide them with appropriate thermo-neutral environments, in order to ensure a body temperature within the normal range between 36.5° C and 37.5° C. This can only be realized when newborns are placed in thermoregulation devices, which are also called "infants warmers".
In this section, a spatially lumped mathematical model for an infant incubator will be developed. The laws of conservation of heat and mass will be used in order to obtain the physical model. As a result, the complete infant incubator system will be subdivided into six homogeneous compartments; the neonate core, skin, incubator air space, heater, wall, and mattress ( Fig. 1 ).
Several assumptions were made in the development of the model. Each compartment was assumed to be homogeneous in all properties throughout its substance. All airflow fields in the incubator were assumed to be uniform. The baseline metabolic rate for each size infant was assumed to be that which enabled the infant to maintain his/her own body temperature while in a non-functional incubator.
The conduction of heat from the mattress to the incubator , was assumed to be negligible. The model developed to describe the rate of change of temperature over time in each of these compartments. The model equations, based upon the law of conservation of energy, were:
The differential operator D=d/dt is used, hence (1) can be written as follows: (7) Equation (7) describes the heat flow rate using the heat transfer relationships associated with the infant's body. Each one of the terms of energy rate (in watt) in this equation can be determined as follows. The core of the newborn body produces heat; its expression is: Science and Applications, Vol. 8, No. 6, 2017 48 | P a g e www.ijacsa.thesai.org Concerning the tidal volume and the respiratory rate, we can determine the equations for respiration losses as follows:
With: , is the rate of sensible heat energy due to breathing.
With: , is the latent heat energy by a newborn due to breathing.
In fact, the core loses heat by conduction through the skin layer. Therefore, the rate of conduction heat transfer between core and skin can be written as follows:
All parameters in (11) are defined in the nomenclature. The convective heat lost by the core blood circulation was determined as described in (12):
, is the rate of convective heat transfer between core and skin via blood.
We adopt the differential operator D in (2), the infant's skin temperature can be written as: (13) Where, , are given in (11) and (12), respectively, while the rate of conductive heat loss from the skin in contact with the mattress can be determined by:
In addition, the difference in temperature between the skin and the airspace causes convective heat losses in the skin. This can be determined by: Fig. 1 . The neonate-incubator system can be divided into six distinct homogeneous compartments.
The water loss from the skin to the air space through evaporation is inversely proportional to the ambient partial pressure of water vapour. The rate of evaporative heat transfer between skin and incubator air (in watt) can be determined by: (16) The skin also loses heat to the walls of the incubator by radiation. Thus, the rate of radiant heat losses can be determined by:
Using D-operator in (3), the temperature of the air space can be written as: (18) The baby's skin allows the airspace of the incubator to gain heat by convection.
Equation (15) is determined by this coefficient and also by the heating compartment (rate of convective heat energy supplied to the hood).
Concerning the heater modelling, the process is assumed to be adiabatic (i.e., no heat losses) and air absorbed all the heat generated, the temperature of the heated air can be determined as follows:
Where ̇ is the mass flow rate of the incubator air, kg/sec.
is a vaporized energy that is caused by water loss from the skin that occurs through evaporation in the airspace. can be determined using (16) .
It should be noted that the air compartment undergoes heat loss by convection through the walls of the incubator, this coefficient ( ) being defined by the following relationship:
Also, the mattress is heated convectively by air. Not the totality of the area of the mattress is the convective heated, therefore, the expression of the area not covered by the infant can be written as follows:
With is the rate of convective heat transfer between incubator air and mattress.
Using D-operator in (4), the temperature of the wall is determined as follows: (22) The convective heat transfer coefficient between the walls of the incubator and the environment is determined as follows:
Concerning energy loss from radiation, the heat transfer rate from the walls to the environments can be expressed as follows [17] :
Using D-operator in (5), the mattress temperature can be written as:
Using equations (14) and (21), the energy rate and are then determined, and heat transfer rate from the mattress to the incubator is assumed to be negligible.
Assume the temperature of the incubator before heat is transferred to be . The temperature of the incubator after heat is transferred to be .
Heat transferred to the incubator to be = heat capacity.
By dividing both sides by dt:
Equation (26) represents the rate of heat transfer inside the incubator. This rate is governed by a thermal resistance R. This follows a law similar to the law of Ohm:
Where, R is the thermal resistance in Kelvin per watt. Using 26 and 27 so we have:
Where the time constant of the system is RC so we have:
Using the Laplace transform "p" we have:
The relationship between the applied voltage ( ) and the temperature generated by an electrical heater is linear.
(34) So we have:
Where is called the steady state gain and is called the time constant will be defined during the modelling of the heating element in Section V.
III. IMPLEMENTATION OF PREDICTIVE CONTROL
In this section, GPC will be well described for a single input-output process based on a CARIMA model.
The standard cost function used in GPC with constraints is expressed by (36).
Where, and are respectively the minimum and the maximum of the prediction horizon, is the control horizon, ̂(
) is the prediction process output, ( ) is the reference signal and ( ) is the sequence of the future control increments that have to be calculated.
Implicit constraints on
are placed between and as:
The parameters ( ) and ( ) are weighting factors that affect the future behaviour of the controlled process [18] - [20] .
A. Calculation of the Optimal Control
The aim of the predictive control is to calculate a sequence of future control increments [ ( ) ( ) ] so that the criterion (36) is minimized. To facilitate the calculation, it is necessary to transform the criterion (36) to a matrix form.
The form of the output of the prediction model is expressed as the sum of the free response and the forced response .
The forced response is the multiplication of the Jacobian matrix of the model with the vector of the future control increment. 
The elements of this matrix are the values of the steps sequence.
Using (38) and (39) the predictor in a vector form is given by:
The cost function (36) can be modified to the form below:
Where, w is the trajectory to follow.
B. Computation of Predictor Second Order System with Time-Delay
The nominal model with steps time-delay is considered as ( ) The polynomial ( ) will be further considered as ( ) .
To compute the control action, we must determine the predictions of to . The output at time ( ) will be:
The Euclidean algorithm applied to the second term of (40) gives the following equation:
Using (40) and (41) we assume that the term related to the disturbance is zero, the optimal predictor of the output is written as follows:
A second Diophantine equation decomposes the predictor in two terms: a first term based on the current output, old orders, the system output and a second term dependent on future orders.
With:
The optimal predictor of the output is written as follows:
Where: ( ) , ( ) , ( ) , and ( ) are polynomial solutions to the Diophantine equations.
The matrix formulation is represented as follows:
C. Constrained formulation
The amplitude of the control signal ( ) is an important object for imposing constraint; we can be expressed by means of the following inequality:
(56) Where, and are respectively the lower threshold and the upper threshold of the control.
The restrictions on the increase of the control signal take a very simple form and can be expressed by means of the inequality:
(57) Where, represent the lower and upper derivative threshold of the control inputs.
On the horizon controller , can be written:
With, I is identity matrix of dimension ( ), and
The vector of horizon control can be written according to the control constraints:
) Or in the condensed form:
Where, T is a lower triangular matrix, dimension ( ).
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The problem of minimization of the criterion J with constraints is writing:
The synthesis of the control law GPC consists in minimizing the criterion . The latter cannot be performed by the analytical methods. To solve the problem of optimization of a quadratic criterion under constraints, we used the "fmincon" function of MATLAB.
IV. INCUBATOR PROCESS DESCRIPTION
In order to research issues related to incubators temperature and to test the results discussed in this paper, a neonatal incubator DRAGER 8000C from Maternal and Neonatal Unit of Rabta-Tunisia is described.
The main points related to such equipment are mentioned in this section. The pilot plant has these parts: a transparent cabinet (41.2cm height, 80.6cm length and 44cm width); a heater (400Watt), a fan is on all the time. The heater is modified to allow external control with a dimmer (infinitely variable control).
All infant incubators work on the same principle. A fan blows filtered ambient air over a heating element and a water container [21] , but in our case, the water container of the incubator was emptied in order to control only the temperature.
The hardware realization of the temperature control circuit is proposed. Fig. 2 illustrates the diagram of the designed electrical circuits. The design consists mainly of a temperature sensor, an Arduino Uno board and a heating power module (dimmer with zero detectors). These parts are explained in more detail in the following paragraphs. 
A. Temperature Sensing
The LM35DZ is a temperature sensor that delivers an output voltage linearly proportional to the Celsius temperature (+10 mV/°C). This sensor is selected because no further external calibration is required; its accuracy is ± 1/4 ° C. It operates at 4-30 V. In this experiment, the LM35DZ was connected to a 5V DC power supply. The temperature was considered an important parameter in neonatal incubators. This parameter was measured at point A, located 10 cm above the surface of the mattress with the same low horizontal position, as shown in Fig. 3 [22] .
B. Arduino Board
The Arduino Uno is a microcontroller card based on the ATmega328. This card has 14 I/O pins (6 pins of which can be used as PWM outputs), 6 analogue input pins, 16 MHz ceramic resonator, USB connection, power socket, ICSP header and reset button [23] , [24] .
The Arduino board is selected to design the heat control circuit; it is able to acquire the temperature by means of the analogue input (for example the temperature inside the incubator Ta), also to vary the power of the control devices through a dimmer (for example the power of the heating system) in order to accomplish some real operations (e.g., temperature control of an incubator). The data acquisition module uses analogue inputs that operate at a 10-bit resolution, which provides a scale from 0 to 1023.
The ready structure of the Arduino is the most advantageous compared to the other card. This card is delivered in a complete package including a microcontroller, a 5V regulator, an oscillator, a serial communication interface and headers for connections. In addition, Arduino is easily connected to Matlab/Simulink which is a powerful tool to identify, model our process then, to synthesize the corrector or even to implement other more advanced control laws. The Arduino was programmed using the IDE software. The program allows the Arduino to perform the ambient environment regulation within the incubator through the dimmer control of the heating system.
C. Heater and control module
The heating system plays an important role in all closed incubators. This system compensates for any loss of www.ijacsa.thesai.org temperature. Generally, the heating system is an electrical resistance that converts electrical energy into heat. For our experiment, the heating system of the incubator is used but with another design of its control circuit [25] .
This section presents a phase control method implemented on Arduino microcontroller to control power delivered to AC loads by using TRIAC.
Varying the root means square (rms) value of voltage supply results in varying of power delivered to the AC loads [26] . Varying the rms value of supply voltage could be done by using a TRIAC [27] . TRIAC is a bidirectional silicon controlled rectifier (SCR) or thyristor. Unlike SCR, TRIAC could conduct current in both directions which make them convenient to regulate the AC voltage. Fig. 4 shows TRIAC output voltage waveform.
The main circuit could be separated to two parts, zerocrossing detector and AC load driver circuit. The zero-crossing detector [28] is the upper part with an optocoupler, bridge rectifier, and two current limiting resistors.
The load rms voltage is same as the TRIAC's output rms voltage. The TRIAC's output rms voltage is related to delay angle, α [29] which is represented as:
Where,
TRIAC rms output voltage
Supply voltage delay angle, in radian According to Fig. 2 , it is noted that the heater control is divided into several modules, which is presented in the following Fig. 5 .
The lower part is the AC load driver constructed by the TRIAC, the MOC3021 optocoupler with the resistor (1kΩ). If the load is inductive (such as a motor) then the combined resistors-capacitors (RC) will be added to the circuit and connected in parallel to the TRIAC with a 39Ω resistor and a 0.01μF capacitor. The snubber circuit is excluded in Fig. 5 as a resistive load is used in this paper.
In the phase, control technique is implemented, and Arduino is programmed to fire the gate pulses to TRIAC for a number of microseconds. After a period of time the main supply voltage crosses zero. Therefore, a zero crossing detector (ZCD) is necessary to detect when the sinusoidal supply voltage goes through zero [29] . This could avoid the unpredictable time for TRIAC conducts or in other words, during what part of the sinusoidal wave the TRIAC is turn on and lead to the unpredictable power of loads. The pulses generated by the ZCD acts as interrupt signals to the Arduino microcontroller [30] . Arduino microcontroller is then firing a pulse to the TRIAC. By controlling the time delay between zero crossing point and firing gate pulses to TRIAC, the power delivered to the AC load is controlled smoothly and effectively. 
D. Arduino interfaces Matlab / Simulink
There are three ways to interface the Arduino board with Matlab/Simulink, namely: 1) Programming the Arduino Uno card as an interface card.
2) Using the ArduinoIO package.
3) Using the Arduino Target Package.
In this work, we use the first method. The solution uses the functions offered by the Arduino language which allows to send and to acquire binary data via the serial port (USB) and, on the other hand, to develop under Simulink a program to process or visualize those data.
The Arduino functions for this configuration are shown in Table 1 . This block processes the data sent by the corrector by ensuring the conversion of (0-100%) into unit8 (0-128) The Simulink blocks used to process or visualize those data are shown in Table 2 .
The Arduino card handles communication with the real process and Simulink. In Simulink, we implemented the feedback loop containing the corrector and the temperature processing from the sensor. The block diagram, corresponding to the operation of the acquisition and temperature control chain, developed under Simulink is represented by Fig. 6. 
V. RESULTS

A. Heating element modelling
The heating model of the incubator is considered as an input-output box. This model has, respectively, the electrical power of the radiator and the temperature in the heater as input-output variables. Knowing that the system can be modelled as a causal, linear and time invariant system, the model can be expressed as a transfer function given by (35).
The mathematical model was determined by applying an input of step type to the input of the system, which presents the maximum control power provided. The functional diagram, corresponding to the operation of the acquisition chain and to the thermal treatment of the heating resistor, developed under Simulink is represented by Fig. 7 . The results of this test are shown in Fig. 8 . After determining the response of the system, the determination of the transfer function is made using System Identification Tool.
To validate the obtained model, we compare it with the actual measurement carried out as shown in Fig. 8 .
B. Model of the incubator subsystem with newborn
The newborn incubator consists essentially of 6 compartments in total, as shown in Fig. 9 .
A Simulink open-loop model is developed as shown in Fig. 10 . This developed model includes the six compartments mentioned in the previous section (Method) with a single input power U and a single controlled output Ta.
Knowing that the newborn input indicates the presence of premature and H% indicates the humidity in (%), in our case, it is equal to 80%. www.ijacsa.thesai.org If it is assumed that in the operating region of the system is considered as linear and invariant in time, it can, therefore, be expressed as a transfer function. To linearize the Simulink model and to convert it into a transfer function, we applied a random input signal type step to the heater zones, which covers the entire range of control as shown in Fig. 11 . After determining the response of the system, the determination of the transfer function is made using System Identification Tool. The process model with transfer function is:
The results of combining the baby and incubator measured showed good agreement with the simulated model as shown in Fig. 12 . Systems controlled by digital controllers are always inherently physical systems. On the other hand, generalized predictive control is often used with a discrete prediction model used to perform predictions in a discrete manner with a sampling period . In order to establish the discretization, we exploited the function of Matlab which makes it possible to obtain the discrete equivalent of a continuous transfer function with the integration method as an argument:
( ) The discrete transfer function is:
C. GPC and PID control with and without newborn
Having established the model of the incubator with a newborn, we focused our efforts on the more detailed description and critical assessment of the controlled incubator system. In order to verify the improved performance of the proposed approach (GPC) compared to PID control, the main parameters are presented in Table 3 . The diagram of the simulation is shown in Fig. 13 . This is a closed loop system whose elements of the direct chain are the two controllers GPC, PID and the child incubator system. The input energy varies between 0-100% equivalent to 0 and 400 Watt. The set point is 37°C. A manual switch is used to switch at will according to the regulation mode requested GPC or PID with or without a baby.
To find the optimal parameters of the PID controller, we tested various parameters using the Matlab/Simulink toolbox, and the best parameters were used. , , and , which can be deduced from the results.
For GPC, taking into account the sampling period and the time constant, the prediction horizons were set to .
The reasonable choice of the control horizon that provides a compromise between the degree of stability and system performance must be less than . In our case and based on the simulation results we have set . In addition, the choice of the weighting factor of the control increments is based on [31] .
The GPC and PID controllers have been applied and implemented to the closed incubator system with and without a newborn. The aims objective of this works is to evaluate the quality of the mode of control of the air temperature to which newborn must be raised. To validate the control system, we set the simulation time at 22 hours, whose air temperature begins at 27°C and the set point is set at 37°C. Also we introduced a perturbation to the system. This perturbation is modelled as five hours opening of the incubator ports.
In the first experiment, the incubator without the baby model was used to simulate the system using PID and GPC air control. Then we keep the same parameters of each controller and we reproduce the same experiment but with an incubator occupied by a baby.
It can be deduced from the results illustrated in Fig. 14 that the GPC has a fast transient response. Also, the robustness of this strategy can be illustrated through the low overshoot and the high efficiency of fluctuation rejection. This is not the case of PID control that gave an undesirable transient response in terms of low steady state error, short rise time, short settling time and low overshoot.
When the 5 hours opening of the incubator ports was simulated, time recovery for the air temperature was 2 minutes with GPC control and 5 minutes with PID. Step response -Heater power closed-loop with GPC and PID control without premature. Fig. 15 shows the evolution of the control signal of GPC and PID. These signals represent the oscillation of the heater power between 0-100 (%).
In the case without a baby, all heat flows related to the baby in the global model are cancelled. Initial conditions related to the child correspond to those of a preterm infant with a gestation period of 28 weeks and a rectal temperature (skin) of 35.5°C.
After determining the best parameters for each controller without baby mode, we now proceed to the global simulation of the child-incubator system and proceed to the presentation of the results. In baby mode, the manual switch is closed so that the GPC or PID controller is in the direct chain and the second manual switch that indicates the presence of the baby is closed.
In this case, all heat flows related to the baby in the global model are cancelled. Initial conditions related to the child correspond to those of a preterm infant with a gestation period of 28 weeks and a rectal temperature (skin) of 35.5°C.
The control of the air temperature gives the result in Fig. 16 . After 1100 seconds GPC respects the set point (37°C) when PID respects the same set point after 5000 seconds.
(IJACSA) International Journal of Advanced Computer Science and Applications, Vol. 8, No. 6, 2017 56 | P a g e www.ijacsa.thesai.org The step response of the input signals of PID and GPC control that flows to the infant incubator system is demonstrated in Fig. 17 . These signals represent the oscillation of the heater power between 0-100 (%) upon the variation of the output temperature inside the incubator. Fig. 18 shows the results of the simulation of the skin temperature and the core temperature, respectively. The initial skin and core temperature are 35°C. It grows to achieve good stability and reaches respectively 36.5 and 37 °C after 8 hours. The variation in core temperature of the preterm infant respectively with PID and GPC control air temperature. The core body temperature downs to around 34.7°C, which is lower than the initial value and it increases rapidly again to 37°C. This core body temperature is comparable with the mean of empirical clinical results reported for the preterm newborn with gestational age 29 ±2 weeks and birth weight <1000 grams.
Similarly, with respect to the core temperature as shown in Fig. 18 , the variation of the temperature of the skin of the premature infant is illustrated respectively with the regulation of the air temperature GPC and PID. The skin temperature decreases to around 34.3°C and rises promptly to reach 36.6°C.
In addition, in GPC control, the rise time of the infant's core and skin temperature is more than the rise time with PID control (Fig. 18) , which shows that there is a very smooth rise in core and skin temperature before it reaches the steady value. During the interval [2000s, 4000s] sampled, the hand ports incubator was opened and the internal temperature initially dropped then recovered the optimal value.
The margin of temperature between the core and the skin of newborn varies from 0.1° C to 0.4° C. This is comparable with the results obtained in simulations presented in Fig. 18 . In our case, the margin between the skin and core temperature is 0.3°C. Consequently, it may be considered that the performance of the global model including the air servo control is satisfactory.
Where, is the rise time, is peak time, is the settling time, and is the overshoot. It can be deduced from Table 4 that the regulation of the neonatal incubator to the desired temperature in the shortest possible time with minimum or no overshoot, short rise time, small peak time and short settling time is provided by the GPC controller. This controller showed robustness against perturbations and parametric changes related to the prematurely associated with the system. By comparing the results obtained by the two modes of temperature control with and without the baby, we find that the temperature control with GPC brings about better results than a PID. The GPC makes it possible to obtain a greater stability of the thermal environment thus reducing thermal stress, or decreasing the energy expenditure.
The real process of the newborn incubator with experimental set-up for the acquisition of air temperature is shown in Fig. 19. www.ijacsa.thesai.org The responses of the experiments with the PID and the GPC controllers are presented in Fig. 20 without a newborn. The step magnitude for the air temperature was 37°C and it was applied with a sample time of 20 seconds, totalizing 10000 seconds of the experiment.
For the GPC controller, the step response of the incubator system presents a rapid settling time and a smaller overshoot. Unlike the PID controller, the system has shown a faster settling time, but an undesirable overshoot.
Based on the best performance of the tuning obtained by simulations result, it is important to note that the GPC controller is more efficient than PID controller. Table 5 shows the required metabolic rates and the incubator model coefficients. 
VI. CONCLUSIONS
One of the most important questions addressed by this study is "How the interference between the newborn and the incubator influences the regulation of the air temperature in the incubator?" In this direction, the combined newborn incubator model has been developed and described. This model was based on physical equations, biological data and real measurements with identification method. To answer this question, the feedback system is developed for the Simulink model using Generalized Predictive Control (GPC) and compared with PID control.
Nomenclature
Surface area of skin exposed to the air, Area of the mattress not covered by the infant, Surface area of the neonate's local segment normal to the incubator wall, Surface area of skin in contact with the mattress, Surface area of the incubator walls, Blood flow rate parameter, Specific heat of air, Specific heat of the blood, Specific heat of the core, Specific heat of moist air, Specific heat of the skin, Specific heat of the wall, The evaporation loss from the skin of the infant to the environment, Heat transfer coefficient for forced convection,
Taking into account the interactions between the model of the newborn and the model of the incubator, we have managed to control the incubator temperature with and without a newborn in the shortest feasible time with minimum overshoot, short rise time, small peak time and short settling time. These results prove that our Simulink model (incubator newborn) developed under the predictive controller GPC is satisfactory. The results that we present for the combined baby-incubator
